The effect of rotavirus and enterotoxigenic Escherichia coli, administered in different sequences, on alkaline and acid phosphatase, leucinaminopeptidase, P-galactosidase, and succinicdehydrogenase of the intestinal mucosa of cesarian-derived, colostrum-deprived calves was investigated. Decrease in enzyme activity was most prominent in dual infections; it also occurred in parts of the small intestine in monoinfected animals. Increases in enzyme activity involved totally either one or all tissue compartments (crypt, basal villus area, villus tips). Increased activity was present in enteric mucosae that were either not affected or were only slightly affected by rotavirus or enterotoxigenic E. coli. We interpret the increase in enzyme activity as an adaptation of the enteric mucosa to maintain the absorptive function.
An altered absorptive capacity of the enteric mucosa is one of the most important functional derangements leading to diarrhea. This can be studied in vivo by using tracer substances like D -x y l o~e~~ or cellobiose mannit01.~~ In vitro, however, a large number of different enzymes can be studied b i~c h e m i c a l l y~,~J~,~~~~~ or histo~hemically.~~,~~ Decreases in mucosal enzyme activities occur in neonatal diarrhea of calves.l~7~9J3~21~22,43
These histochemical results have been based on conventionally reared calves undergoing naturally acquired infections in the field.',22,43 However, in calves,27 enzyme histochemical studies have been reported on experimental enteric infections with various pathogens.
In the present study, five enzymes of primary importance for intestinal nutrient uptake were chosen. 29 Enterocyte membrane bound enzymes examined were acid and alkaline phosphatase which are involved in sugar and lipid leucinaminopeptidase which is involved in peptide cleavage,'O and P-galactosidase which degrades l a c t o~e .~ The fifth enzyme, succinicdehydrogenase, is an intracytoplasmic enzyme that has been considered an indicator of intact cell metabolism. l3
A new technique combining conventional enzyme histochemistry and m o r p h~m e t r y~~ was used to evaluate not only changes of the total enzyme activity at various locations in the small intestine, but also to give more information on enzyme activity in the main functional compartments of the mucosa (i.e., crypt, villus base, and villus tip). These relationships should give a better understanding of enzyme loss during infection and a possible regeneration during recovery.
Materials and Methods
Twenty-one cesarian-derived, colostrum-deprived calves (Hoehenfleckvieh breed) were infected orally within the first 24 hours after birth with rotavirus or enterotoxigenic E. coli (0101, K99+, ST') ( Table 1) . 16 During deep pentobarbital anesthesia, segments (0.5 cm) of intestine were removed: proximal jejunum, 1 m caudal of the flexura duodenojejunalis; middle jejunum, 4 m caudal of the flexura duodenojejunalis; distal jejunum, 1.3 m cranial of the ostium ileocecocolicum; ileum, 0.3 m cranial of the ostium ileocecocolicum. The samples were immersed into isopentane, immediately frozen in liquid nitrogen, and stored at -70 C. For each enzyme tested, triplicate 8 pm thick sections were air-dried on glass slides at room temperature. Two slides were tested for enzyme activity; the third served as control. Nuclei were counterstained using 1 Yo methyl green. Sections were mounted with Kaiser's glycerine-gelatin (Merck, Darmstadt, W. Germany) and stored at 4 C in the dark until they were evaluated.
As positive control tissue for the enzyme reaction, two sections of calf kidney prepared as described above were investigated with each test.
Alkaline phosphatase, using a modified simultaneous azo-
coupling method according to Burstone.8 Purple precipitation indicated the enzyme activity. 2. Acid phosphatase, using a simultaneous azo-coupling method according to Barka and Anderson.6 Red precipitation indicated the enzyme activity.
The following enzymes were tested: 3. Leucinaminopeptidase, using a modified simultaneous azo-coupling method according to Nachlas et al. 30 Purple precipitation indicated the enzyme activity. 4. P-galactosidase, using a method according to Rutenberg et al.36 Violet precipitation indicated the enzyme activity. 5. Succinicdehydrogenase, using a method according to P e a r~e .~~ Violet precipitation indicated the enzyme activity.
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The enzyme activity of crypts, villus base, and villus tips was evaluated by a numerical staining-density score from 1 to 30 (maximum intensity).12.21z22 The length of each compartment of the mucosal epithelium (crypt, villus base, and villus tip) was measured morphometrically on ten villi per section. The enzyme intensity score was then multiplied by compartment length (in mm) to determine enzyme activity. For details of the technique, see Stiglmair-Herb and Pospischil. 38
Results
Alkaline phosphatase, acid phosphatase, and leucinaminopeptidase activity of controls was restricted to supranuclear cytoplasm and brush border line of all villus enterocytes in the jejunum and ileum. There was no alkaline phosphatase activity in crypts of controls or principals. Total alkaline phosphatase activity ( Fig.  1 ) of controls decreased from the proximal jejunum to the ileum. The enzyme was equally distributed on villi of proximal and mid-jejunum but reduced on villus tips and villus base of distal jejunum. In the ileum, activity was confined to villus tips.
Maximum total acid phosphatase activity of controls was seen in the ileum due to greater enzyme activity at the villus tips ( Fig. 2) .
Total leucinaminopeptidase activity of controls increased continuously from proximal jejunum to ileum ( Fig. 3) . This was primarily caused by increased enzyme activity in villus base and villus tips.
Activity of P-galactosidase was equally distributed within the cytoplasm and brush border of villus and crypt enterocytes along jejunum and ileum (Fig. 4) .
The total enzyme activity of the jejunum was equal. The intracellular activity of succinicdehydrogenase was confined to the infranuclear region of villus and In principals, no changes of intracellular enzyme distribution were seen.
Total alkaline phosphatase activity in proximal jejunum and ileum was higher in group 1 calves 22 to 48 hours postinfection than in controls due to increased activity at the villus base and villus tips ( Fig.  1) . A slight decrease occurred in mid-jejunum.
At 72 to 95 hours postinfection of group 1 increased activity at villus base resulted in increased total activity of proximal and mid-jejunum despite decreased activity at villus tips. Decreased total activity in distal jejunum and ileum was due to decreased activity at villus base (distal jejunum) and villus tips (both locations).
The total activity of acid phosphatase (Fig. 2 ) in group 1 22 to 48 hours postinfection was increased at every site ( Fig. 2 ) due to increased activity of one of the mucosal compartments even with decreased activity in another compartment. Later, 72 to 95 hours postinfection, increased enzyme activity in crypts and villus base of proximal and mid-jejunum resulted in increased total enzyme activity. Reduced activity on villus tips of distal jejunum was equalized by an increased activity of crypts and villus base. Reduced activity of villus tips in the ileum resulted in decreased total activity despite increased activities of crypts and villus base.
Increased leucinaminopeptidase activity in all compartments of proximal jejunum (Fig. 3) 22 to 48 hours postinfection (group 1) resulted in an increased total activity; a decreased total activity occured in distal jejunum. At 72 to 95 hours postinfection (group l), decreased activity of villus tips and villus base of jejunum and ileum resulted in a decrease of total activity (Fig. 3) .
The activity of@-galactosidase ( Fig. 4) 22 to 48 hours postinfection (group 1) did not differ considerably from controls. At 72 to 95 hours postinfection, increased activity ( Fig. 4) of villus base of mid-jejunum resulted in an increased total activity, whereas decreased total activity of distal jejunum and ileum was seen. An increased succincdehydrogenase activity in proximal jejunum (Fig. 5 ) in calves of group 1 22 to 48 hours postinfection of villus base and villus tips resulted in increased total enzyme activity. Decreased activity of all compartments of mid-and distal jejunum and ileum resulted in a decreased total activity. At 72 to 95 hours postinfection, reduced activity of villus tips of jejunum and ileum resulted in decreased total activity.
Total alkaline phosphatase activity in calves of group 2 only slightly differed using lo7 or 1 OLo enterotoxigenic E. coli. Both resulted in reduced enzyme activities from mid-jejunum to ileum due to reduction at the villus base ( Fig. 1) . With 1Olo enterotoxigenic E. coli, increased enzyme activity of villus base of proximal jejunum overcame some of the loss of activity on villus tips.
Total acid phosphatase activity (group 2) was decreased, more severe by using lo7 than by using 1 O l o (Fig. 2) . Reduced enzyme activity of all compartments occurred in principals infected with 10'; in those receiving 1 OL0, decreased activity was restricted to villus tips.
Distribution of leucinaminopeptidase activity (group 2) of jejunum and ileum differs using lo7 or loLo enterotoxigenic E. coli (Fig. 3) . Increased activity of villus base and villus tips of proximal and mid-jejunum resulted in increased total activity ( lo7), whereas decreased activity of the same compartments of distal jejunum ( lolo) was seen. Crypts showed enzyme activity (lo7 and loLo).
Maximum P-galactosidase (group 2) activity appeared at proximal jejunum (1 07) due to extremely high enzyme activities of basal villus areas and villus tips (Fig. 4) . Reduced activity occurred in mid-jejunum and ileum (lo7, loLo).
Total succinicdehydrogenase activity ( Fig. 5 ) was decreased (1 O7 and 1 OL0) except for the proximal jejunum (lo7) due to higher activity on villus tips.
In groups 3 and 5 total alkaline phosphatase activity ( Fig. 1) was reduced. No enzyme activity at all occurred at the ileum. In calves of group 4 increased activity of villus base of proximal and mid-jejunum resulted in increased total activity.
Total acid phosphatase activity (Fig. 2) in groups 3, 4, and 5 was reduced. The most obvious decrease, affecting mainly villus tips and basal villus areas, was seen in group 3. No changes of enzyme activity were seen in proximal and mid-jejunum of group 4. The enzyme activity of the distal jejunum and ileum, however, was reduced.
Total activity of leucinaminopeptidase, P-galactosidase, and succinicdehydrogenase (Fig. 3) in groups 3,4, and 5 was reduced to a different extent with a few exceptions. These were proximal jejunum (groups 3 and 4) and the jejunum of group 4 where the reduction equally affected villus tips and villus base. Some of the crypts showed increased enzyme activity.
Discussion
Neither single nor dual infections produced a consistent effect on enzyme activity in epithelial cells of small intestine.
Decreased total enzyme activity occurred in all dual infections but was restricted to certain small intestinal locations with monoinfections. Reduced enzyme activities have been reported from spontaneous enteric infections of c a l v e~~,~,~,~~J~,~~,~~ and piglets.18 Decreased enzyme activity in experimentally infected principals used here was correlated with the location of histopathological and electronmicroscopical lesions reported e1sewhe1-e.~~ This coincidence indicates that enterocyte damage seen morphologically results in functional alteration. On the other hand, changes of enzyme activity (e.g., acid phosphatase reduction at the proximal jejunum group 2 10') sometimes even preceded the appearance of histopathological lesions, i.e., villus atrophy which was not present in HE stained This indicated altered cell membrane function prior to morphologically visible damage.
By comparing enzyme activities of animals mono- It appeared that the decrease in distribution of reduced enzyme activities in the mucosal compartments took place either on the villus tips or at the villus base.
Crypts were not affected. These findings are in accor-dance with those having been published by others. 1, 22, 43 These authors have evaluated the enzyme activities on villi but have not discriminated between villus tips and villus base. We chose to observe both villus tips and villus base. We found that initially the decrease of enzyme activities takes place on the villus tips and leaves the basal villus area unaffected or sometimes induces an increase of enzyme activity, e.g., alkaline phosphatase rotavirus monoinfection (22 to 48 hours postinfection) or acid phosphatase (group 3). If the infectious agents affected a large amount of enterocytes (e.g., group 3), or the time postinfection increases (e.g., rotavirus monoinfection 72 to 95 hours postinfection), again, more enterocytes are affected. The decrease does not remain restricted to villus tips but includes the basal villus area as well.
A decrease of total activity of absorptive enzymes within the small intestine reduces the total absorption of various nutrients from the intestinal lumen. Subsequently, undigested or partly digested nutrients, mainly carbohydrates, pass into the large intestine causing abnormal bacterial fermentation2 with changes of pH and fatty acid contents. As a result, a large intestinal inhibition of Na and H,O absorption has been r e p~r t e d~.~ and is called fermentative diarrhea. The effect of reduced enzyme activity on other functional impairments, like changes in intestinal motility, has not been documented.
However, in some other situations, an increased enzyme activity was seen. This occurred in two different ways; an increased total enzyme activity [e.g., alkaline phosphatase rotavirus monoinfection (group 1) 22 to 48 hours postinfection, proximal jejunum or P-galactosidase group 2, lo7, proximal jejunum], or an increased enzyme activity in one of the compartments leaving the total enzyme activity unchanged or even reduced. Examples of this were succinicdehydrogenase in crypts, group 5, or acid phosphatase at villus base, group 1, 72 to 95 hours postinfection. Increased enzyme activities, as a total or in compartments of the intestinal epithelium, have not been reported in calves.
Both types of increase seem to represent a response of the intestinal mucosa. Locally, as in one villus crypt unit, this is accomplished by increased cell regeneration that provides higher levels of enzyme activity in crypt and basal villus area. This may overcome the loss of absorptive capacity on damaged villus tips. Supportive results, i.e., increased mitotic activity in crypts of these animals, have been Systematically, in the intestine as a whole, it seems the intestine increases the total enzyme activity in parts not affected by rotavirus (proximal and mid-jejunum, alkaline phosphatase group 1, 22 to 48 hours postinfection) to overcome reduced enzyme activities in other parts (distal jejunum and ileum, group 1). Compa-rable responses to surgical excision have been reported by Hanson. l 4 Following partial jejunal resection in laboratory rodents, he has found an immediate increased absorptive capacity of the remaining jejunal mucosa, including epithelial hypertrophy. He described these complex reactions as adaptation. Other reports on increased enzyme activity at single intestinal sites have been published during later stages of regeneration following coccidiosis in p o~l t r y ,~~,~~ bacterial diarrhea in mice,25 intestinal lipodystrophia in man,23 and benzene intoxication in mice. 20 We conclude that our findings reported here resemble those of Hanson.14 The epithelial damage by rotavirus resembles more or less the loss of absorptive capacity which he accomplished surgically. Therefore, we feel that "adaptation" might be the right term to characterize the response described here. Similar findings have not been reported in acute viral enteritis of neonatal calves before. Whether local or systemic effects should both be termed "adaptation" remains to be solved. Nor is it clear whether these two findings belong to the same mechanism of regeneration.
Functionally, the increase of enzyme activity prevents, in part, the flow of undigested intestinal fluid from the small into the large intestine as an effort against fermentative diarrhea.
The intracellular and cell membrane distribution of five enzymes in principals and controls tested here was consistent with literature reports on calves, man, laboratory rodents, dogs, cats, and pigs.12,15,17-19J-24,28,3 1,32*40,43 Details and advantages of the evaluation of enzyme activities through a combination of semiquantitative histochemistry and morphometry have been reported e1sewhe1-e.~~ In controls maximal alkaline phosphatase and leucinaminopeptidase activity appeared at the proximal and mid-jejunum, indicating heavy digestive membrane activity there, as M~l r e a~~ and L a n d~v e r k~~.~~ suggest. The distribution of the other enzymes tested was more or less comparable t o literature
